In this paper, we present OORT, a cooling system for head-mounted displays (HMDs) that improves wearing comfort by decreasing skin temperatures of the facial areas covered by the headset. The integrated cooling system consists of an electronically controlled fan blower. The fan compartment is integrated into an hmd padding element with custom-designed air flow channels that provide cool air circulation around the covered facial regions. We report on the design and implementation of OORT as a viable way to provide thermal comfort during long-term virtual reality experiences.
INTRODUCTION & MOTIVATION
Head-mounted displays' (HMDs) comfort plays an important role in users immersion in VR environments due to the continuous physical contact between the user and the device [de França and Soares 2017] . The extended use of HMDs also increases heat and humidity in the areas covered by the HMD padding and are influenced by a reduction of air circulation on the skin surface. Furthermore, this affects the area between the participant's skin and the HMD eyepieces, also called microclimate.The thermal comfort is significantly lowered with the increase of temperature and humidity due to the insufficient ventilation inside the HMD microclimate [Van Brecht et al. 2008] . To improve air circulation and reduce heat exposure, HMD cooling systems should provide an improved ventilation of Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than the author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org. VRST '19, November 12-15, 2019 , Parramatta, NSW, Australia © 2019 Copyright held by the owner/author(s). Publication rights licensed to ACM. ACM ISBN 978-1-4503-7001-1/19/11. . . $15.00 https://doi.org/10.1145/3359996.3365037 the covered facial areas. However, air cooling should not be introduced directly into the HMD microclimate, as this could lead to dry eyes. Alternative integrated cooling solutions that tackle the thermal issues have been developed, and can be either passive or active. Passive solutions normally address the haptic material properties to ease the skin irritation and padding breathability 1 , which may provide a feeling of thermal comfort but alone, do not address the overheating caused by the continuous contact with the HMD. Active solutions [Janta et al. 2014 ] [Ranasinghe et al. 2017] overcome overheating issues by using electric components such as fans and coolers on facial sensitive areas. One example of this type of device is the ViveN Chill 2 which is a fan that blows air to the user's forehead. Other examples of active solutions are Thermoelectric coolers (TEC) due to their rapid temperature change and high temperature variations, but normally rely on supplementary cooling attachments due to its energy inefficiency. This type of solution can be used to overcome overheating [Ranasinghe et al. 2017 ], but its impact on thermal comfort have not yet been evaluated. We argue that the use of active cooling solutions in conjunction with the HMD padding can have a positive impact on the user's thermal comfort when experiencing VR.
In this paper, we present the design and implementation of OORT, an integrated HMD cooling accessory. It combines an electronically controlled fan system with a custom-designed padding. The cooling solution reduces temperatures of the facial areas covered by the HMD padding while maintaining stable temperatures inside the HMD microclimate. In the following section we discuss in detail the design decisions and implementation details of OORT. 
B A

OORT
In this section, we describe OORT, an integrated cooling system for HMDs ( Figure 1A) . OORT is named after the Oort cloud, the outer frontier that defines the cosmographical boundaries of our solar system. Its name addresses the comfort limitations that still occur during VR experiences.
In order to sustain the perception of thermal comfort [Wang et al. 2018] , OORT emphasizes the areas that participate in creating the heat stress conditions.The OORT development required a deliberate design to minimize the overall footprint of the cooling elements and the HMD. It was important that OORT was a lightweight accessory having no negative effect on user comfort due to an increased weight of an HMD, which could lead to neck strain and harmful pressure of the padding on a user's face; it was correctly placed in order to not cover the HMD's tracking capabilities; it was easily integrated with the HMD; and it maintained low-level of noise to not interfere with user immersion.
We examined viable passive and active cooling methods for OORT. Three methods were considered as suitable for this device: 1) cooling gel-infused cushions (passive) [Xu 2015] , 2) forced air (active) [Ferrua and Singh 2009] and 3) thermoelectric cooling (active) [Ranasinghe et al. 2017 ]. The forced air-cooling reveals significant advantages over TEC and gel. According to Davies et al. [DAVIES 1980] , air flow has a significant influence on sweat production and skin temperature. Importantly, this phenomenon emphasizes the importance of mechanical ventilation in the active cooling system ( Figure 1B) . On the design of OORT we chose the Oculus Rift CV1 as the visualization device due to its lightweight nature and interchangeable facial interface.
The CAD model was substantially modified to enable the integration of the fan blower and micro-controller housing with the facial interface element. Modifications of the main frame included the air-flow channels on the inner side of the facial interface, and two upper trims for the housing on top of it visible in Figure 1B .
For the purpose of this study, the fan blower and micro-controller housing was developed from scratch and without dependence on any existing paradigms. In Figure 2 , we present an explosion chart that illustrates the OORT components.
Our prototype tackles the emerged thermal comfort issues by increasing air-flow circulation underneath the foam layer of the HMD padding, and reducing the temperature increase on the skin surface. Also, OORT aims to increase moisture evaporation of the areas with a higher sweating rate covered by the HMD. This study is an exploration of the most feasible and effective active cooling integration with HMDs. We argue that the use of OORT improves VR thermal comfort and brings wearable technology a step ahead in the direction of comfortable virtual experiences.
CONCLUSION
This paper presents a novel way of integrating an active cooling system in HMD devices. OORT improves ventilation and provides a forced air system for cooler and drier VR experiences. OORT shows that the padding cooling system integration provides the essential ventilation for the covered facial areas with higher sweating rate.Also, OORT is a lightweight and effective cooling solution that helps to prevent thermal comfort issues related to the rapid temperature increase of the facial regions with insufficient ventilation. This paper demonstrates the capabilities of our prototype and how the integration of conventional passive cooling and active cooling into one device can benefit users' thermal comfort.For the future, we want to examine the interactive features that could be integrated with OORT such as simulation of VR scene temperatures. To achieve this, we aim to extend our pipeline further to cover a larger set of HMDs, including non-tethered headsets and also to optimize air-flow efficiency. Finally, we plan to continue the optimization of the air-flow efficiency for increased ventilation but also for broader airing regions.
